ability' of the amino acids. They must first be checked by comparison with the results of direct growth tests with animals. This will be a laborious undertaking but some beginnings have been made. Thus, Carpenter, March, Milner & Campbell (1963) have developed a chick growth assay for lysine, and found fair agreement between chemical and biological estimates of the available lysine in five fish meals. Miller, Carpenter & Morgan (1963) compared the results of growth assays with chicks for methionine in several meat meals and fish meals with values for available methionine obtained in microbiological tests. They found that the Streptococcus zymogenes procedure of Ford (1962) gave uniformly lower results than the chick assays. On increasing the concentration of papain used for the preliminary digestion the microbiological assay values increased, to agree closely with the chick results. The coefficient of correlation was then 0.97 (P < 0.001 ; ten samples). It is an open question whether these higher values on which the chick and microbiological tests agreed represented all the methionine that was potentially available. The microbiological results were maximum values in the sense that they were not further increased by treating the test samples with even greater amounts of papain. They might con-The tubes were stoppered tightly and put to incubate in a water bath for 4 h at SO', with manual shaking at frequent intervals. They were then cooled to room temperature and their contents adjusted to p H 7.8. T o each were added I ml of a I % (w/v) aqueous suspension of crude porcine erepsin (L. Light and Co. Ltd, Colnbrook) and .a further 0-5 ml toluene. The tubes were returned to the water bath and again incubated for 4 h at soo, and finally heated in flowing steam for 10 min to remove the toluene.
After enzymic digestion, all the preparations were adjusted to p H 7.2 and diluted with water to IOO ml. They were then shaken vigorously and 10 ml portions diluted to IOO ml with water.
Enzyme 'blanks' were included with all the tests. Because of their relatively low content of amino acids the final tenfold dilution with water was omitted.
Chemical hydrolysis. For the assay of the total amounts of methionine, histidine, leucine, isoleucine and valine in dried whole egg and in extracted leaf proteins, the samples were hydrolysed with 2 N -H C~ (cf. Ford, 1962) . For the assay of tryptophan, samples containing IOO mg nitrogen were heated in sealed tubes for 5 h at 121" with I964 40 ml 5 N-NaOH. The assay values were doubled to correct for the racemization that occurs under these conditions of alkaline hydrolysis, since DL-tryptophan has for Strep. zymogenes only half the activity of the L-isomer.
Dose levels. The test preparations were added to paired assay tubes in amounts of 2, 4, 6 and 8 ml, and the standard amino acid solutions at 0, I , 2, 4, 6 and 8 ml.
Measurement of growth responses I n the main these responses were measured turbidimetrically. I n some protein concentrates the availability of the amino acids, judged with Strep. zymogms, has seemed to improve with fine grinding. T o some extent this improvement might have been more apparent than real, and might have been caused by the residual turbidity of the test extracts. There is no obvious means of correcting for this error, except by assessing growth responses indirectly from measurements of titratable acidity. Results obtained by this means have been less precise than those calculated from turbidity measurements, which I have generally preferred as being directly related to the bacterial growth in the assay tubes.
Before measurement of turbidities, the assay tube:, were stoppered and shaken vigorously and set aside for 2-3 min to allow air bubbles to rise and particulate food residues to settle. Turbidities were then measured directly in the tubes, with a Lumetron Model 401 A colorimeter (Photovolt Corporation, New York) fitted with a 580 nm glass filter.
Acidimetric determinations were made with a Pye automatic titrator (W. G. Pye and Co. Ltd, Cambridge) set to titrate to p H 8.2. At this p H the rate of change of p H in the test cultures with added 0.1 N-NaOH was about 0.7 p H units/ml, compared with 0.17 unit/ml at p H 7.0.
Materials
The whale-meat meals and fish meals examined (series WM and FM) had been distributed by the Agricultural Research Council in connexion with its collaborative investigation into the measurement of the quality of protein feeding-stuffs (cf. Boyne, Carpenter 8z Woodham, 1961). The whale-meat meals were of special value for the purposes of my investigation, being uniform in origin and in amino acid composition but differing widely in nutritive quality and in the availability of their amino acids (Bunyan & Price, 1960; Ford, 1962) . The fish meals were examined to check an earlier finding (Ford, 1962 ) that their methionine might be only 50-70y0 available. The leafprotein concentrates were provided for test by Dr N. W. Pirie, F.R.S., and were included because, as with the fish meals, the test procedure originally described gave unexpectedly low values for the availability of several amino acids.
R E S U L T S A N D D I S C U S S J O N
In general, microbiological assay values must be qualified by reference to the particular assay organism and conditions of test employed. I n Strep. zymogenes assays for available amino acids it is especially important to standardize the preparation of the samples.
Injluence of particle size. Table I shows for comparison the values obtained with coarsely ground and with very finely ground samples for the available methionine and tryptophan in whale-meat meals and fish meals. Finer grinding of the test samples fairly consistently gave higher results as judged from extinction values, on average by 2 1 % for methionine and by 33 yo for tryptophan. Some of this increase was illusory and could be attributed to the greater turbidity of the homogenized preparations; but it was partly real, as is evident from the results calculated from titratable acidities, which yielded on average 13% more for methionine and 25% more for tryptophan. The increases were relatively greater with the poorest of the meals, WM 7 and FM 26, which were also poorly digested by the rat (K. M. Henry, personal communication) . The true nitrogen digestibility of WM 7 was 58.7 % and of FM 26, 62%. After reduction of FM26 to a very fine powder in a ball mill its true digestibility appeared to increase to 68.8%, but with only six rats in each test group the difference was not statistically significant. It is clearly possible, however, that such fine grinding would also improve utilization in feeding tests with animals. The meals were ground to 40-mesh or homogenized (p. 450) and samples, containing roomg nitrogen, were predigested with 'purified' papain ( I ml 2%, wlv). Growth was assessed turbidimetrically (OD) and titrimetrically (TA).
Predigestion of the test protein. S t r q . zymogaes is itself vigorously proteolytic, but pretreatment of the samples with papain or pepsin was a necessary preliminary in the tests. It speeded growth, particularly at the lower dose levels, and improved the linearity of the dose-response curves. Tests with casein (Ford, 1960) showed that after digestion with papain the proportion of the casein nitrogen incorporated into bacterial cells increased from 64 to 71 %. As judged from the first two columns of figures in Table 2 , the increase would probably be greater for a whale-meat meal than for casein.
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This table shows the influence of enzymic predigestion on the available methionine measured in four whale-meat meals and two fish meals. At the I % level both papain and pepsin gave markedly higher values than were obtaiied for the undigested meals.
At the 2 and 5 yo enzyme levels the values were slightly higher still, and for WM 13 and F M 24 several of the values were about as high as the total methionine values measured after hydrolysis of the meals with acid. Digestion successively with pepsin and papain, or pepsin, trypsin and erepsin, gave no higher results than with 2 % papain alone. The use of large amounts of enzymes introduces technical difficulties with high 'blanks ' and there seems to be no practical advantage in the use of combinations of enzymes, or in exceeding the 2% level of papain or pepsin. Crystalline pepsin is cheaply available and is more effective than papain in bringing some food proteins into solution, especially leaf-protein preparations (p. 452) for which the papain procedure had given improbably low values. Purified papain has the advantage of being virtually free from methionine, but the crystalline enzyme is expensive, and the cheaper 'purified' grade used for these tests is no longer obtainable. Papain was more effective than pepsin for digesting milk proteins and gave a water-clear digest when used as described (Ford, in preparation) . But, in general, with a variety of protein foods, the two enzymes gave broadly similar results when used at the 2 % level. Table 3 shows revised values for available methionine in a series of fish meals, compared with values for the same meals given by Ford (1962) . For these original tests the meals were ground to pass a 60-mesh screen, and samples containing IOO mg nitrogen were predigested with I ml of I % (w/v) crude papain. For the assays now presented the meals were homogenized and digested with I ml of 2 % 'purified' papain, which provided ten times greater proteolytic activity as measured by Anson's procedure. The new values are all higher than the original ones, the mean increase being 24%.
Total and available amino a d s in extracted leaf pratein. Preliminary assays of extracted leaf-protein concentrates that had been subjected only to the mildest con-Vol. 18
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ditions of processing during manufacture showed them to be surprisingly poor sources of available amino acids for Strep. zymogenes. Substitution of predigestion with pepsin for that with papain or increasing the quantity of papain caused a striking increase in the measured availability of methionine, histidine, tryptophan, leucine, isoleucine and valine. Table 4 shows the available amounts of these amino acids in dried whole egg and in preparations of the leaf proteins of wheat, tares and clover, measured after predigestion of the homogenized samples with I ml of 2% (w/v) pepsin. For comparison, it shows also total amounts measured in chemically hydrolysed samples. Table 3 . Revised values for available methionine (g/16 g N ) in fiSh meak
Original values (Ford, 1962) For the original tests the meals were ground to 60-mesh and samples, containing 100 mg nitrogen,
were predigested with I ml of I % (w/v) crude papain. The revised values were obtained after digestion of the homogenized sample with I ml z % (w/v) 'purified' papain. The test samples, containing 100 mg nitrogen, were homogenized and predigested with I ml of
It is evident from these results that the amino acids in the leaf proteins were intrinsically highly available, and that the low values obtained after less rigorous enzymic pretreatment reflected the relatively slow rate of digestion of the protein as a whole, at least in the microbiological test system. It may be, of course, that the values in Table 4 are now too high, in that they overestimate the availability of the amino acids to animals. In tests with rats Dr K. M. Henry (personal communication) found the true digestibility of nitrogen of these and similar leaf proteins to be only about 75-807;.
Results with different test micro-organisms. Strep. zymgenes, Strep. faecalis R, Clost. welchii and Pediococcus cermisiae P 60 (Leuconostoc mesenteroides P 60) have all been recommended for the assay of methionine, and Table 5 shows values obtained with all four micro-organisms for the total and the available methionine in dried whole egg, freeze-dried fresh cod fillet, a commercial cod meal (FM IS), a whale-meat meal of excellent quality ( W~~ 13) and another of very poor quality (WM7). For this comparison somewhat drastic conditions of chemical hydrolysis were used, to ensure complete hydrolysis of the proteins. Samples containing 100 mg nitrogen were sealed in Carius tubes, each with 30 ml ~N -H C~, and heated far 18 h in a steam autoclave at 121'. This caused some destruction of methionine, the Strep. zymogenes values for WM 13 and FM 15 being 2 . j and 2.5, compared with ,3.0 and 3.2 after milder acid hydrolysis (Ford, 1962) . The four test organisms gave broadly similar results for free methionine, as it occurred in these acid-hydrolysed extracts. I n my experience, results obtained with Strep. zymogenes and Ped. cerevisiae P60 have been closely reproducible and in fair agreement. Strep. faecalis R and Clost. welchii have tended to give higher results, and with Clost. welchii the reproducibility has been inadequate for precise quantit ative work.
Strep. zymogenes, Strep. faecalis R and Clost. welciiii are all in varying degrees proteolytic and they all made efficient use of methionirie in the pepsin digests of the four good-quality meals. Strep. faecalis R is relatively weakly proteolytic, and with these peptic digests the assay results showed a marked upward drift with increasing dose levels. From all the test levels, the mean available methionine values were somewhat lower than those obtained with Strep. zymogenes. In contrast, Clost. welchii gave higher results though these, like the values for total mcthionine, were unaccountably variable from assay to assay. A11 three micro-organisms graded the meals similarly as sources of available methionine. Ped. cerevisiae P Go, however, could apparently make little use of the methionine as it occurred in the pepsin digests.
Conclusions. The apparently simple situation which with lysine allows the total amount of that amino acid present in a protein to be precisely assigned to 'available' and 'unavailable' portions is not at all typical for most of the other amino acids. For
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Assay of available amino acids 457 some of these-the leucines for example-it is more difficult to conceive from their chemical constitution that heat processing could impair availability except indirectly, by reducing the accessibility of the protein, or of fragments of its peptide chains, to the action of proteolytic enzymes. Earlier work with whale-meat meals (Ford, 1962) showed that overall nutritive quality for the rat (net protein utilization or NPU) was closely correlated with the availability of several of the amino acids, measured microbiologically with Strep. zymogenes. The microbiological values, however, were correlated almost as highly with the true digestilibities of nitrogen of these meals, as given calculated from data of Bunyan & Price (1960) seems especially interesting. It suggests that the molecular changes that accompany the fall in the content of DNFB lysine could directly determine the digestibility of these meals, and thus the biological availability of all their amino acids. One can envisage the formation during heating of a tangle of intramolecular linkages, not amenable to enzymic hydrolysis, involving the €-amino groups of the lysine moieties distributed throughout the peptide chains.
Other workers had earlier expressed much the same view. Thus Seegers & Mattill (1935) observed that beef liver, carefully dried at temperatures below 60°, suffered considerable loss in its nutritive value on being heated at 120' for 72 h. When samples of the heated and the unheated material were hydrolysed with acid the resulting amino acid mixtures were alike in their nutritive value. Digestion in vitro showed that the heated liver was resistant to tryptic digestion and the authors concluded that, during heating, new linkages were formed that were not susceptible to the action of proteases. Harris & Mattill (1940) identified the free amino groups, comprised in the main of the e-amino groups of the lysine, as being the most likely agents in the formation of these enzyme-resistant bonds. They suggested that, under conditions favourable to dehydration, the free amino groups might form anhydride linkages with carboxyl groups to create indigestible compounds like the diketopiperazines. 
I964
relatively low proportions of available amino acids as judged by the chemical and microbiological tests, correspondingly low percentages of the absorbed nitrogen were retained by the rat. 'The whale-meat meals were broadly similar in their total amino acid composition. The differences in nutritive quality reflect the wide differences in the biological availability of several, and probably all, of their constituent amino acids (cf. Ford, 1962) . Evidently much of the amino acid nitrogen absorbed from the poorer meals was not retained by the rat, and it is an interesting question whether this is explainable in terms of differences in the patterns of amino acids absorbed from the different qualities of meal, or whether, even after absorption from the gut, some proportion of the amino acids might still remain unavailable. Considering this latter hypothesis, it seems possible that some of the amino acids absorbed after digestion were not readily utilizable because they were locked up in indigestible peptide residues. It is still uncertain that peptides are in fact absorbed from the gut, but Fisher (19 j4) favoured the view that peptides form the 'currency' of protein metabolism, and constitute a large part of the substances passing into the body fluids during protein absorption. Whether or not this is so, it remains to be seen whether indigestible peptides may be released and absorbed during the digestion of heat-damaged proteins, and experiments with rats are planned to test the possibility, and to chart the patterns of free amino acids in the portal blood during the course of digestion of unheated and heat-damaged proteins.
Henry & Icon (1947-8) found with rats that in badly stored milk powder, though the lysine was largely unavailable, digestibility and the availability of other amino acids were reduced very little, if at all. I n milk powder, unlike whale meat and other muscle proteins, the free amino groups are in a sense protected by the aldehyde groups of the lactose present in large excess, with which they will readily combine to form Maillard-type compounds, even under mildly adverse conditions of storage or heating.
Whatever may determine 'availability', it is clearly important that it should be carefully defined in terms of the particular system used for measuring it. Thus, in microbiological tests with the protozoon Tetrahymena pyiijurmis, J. 31. Stott (personal communication) found the availability of lysine in a leaf protein concentrate to be low, whereas with the DXFB lysine procedure Dr K. J. Carpenter (personal communication) judged it to be much higher. Growth trials witk pigs (Duckworth, Hepburn & Woodham, 1961) showed this same material to be equivalent in quality to a whitefish meal, and so supported the DXFB lysine results. E,esults with Strep. zymogenes were equivocal. By the standard test procedure (Ford, 1962 ) the availability of several amino acids was low but after more rigorous enzymic predigestion with pepsin or with higher concentrations of papain, higher values wcrc obtained. The amino acids were intrinsically highly available but the protein as a whole was digested relatively slowly. It remains to be seen from further comparative testing whether rate of digestion may similarly influence the results of biological tests with animals.
The chemical assay for available lysine would take no account of rate of digestion, nor of the possibility that, after digestion of a heat-damaged protein, many of the lysine moieties reacting as 'available' would remain bound in indigestible peptide residues, and inaccessible to the animal. It might therefore tend to overrate heatdamaged proteins of poor nutritive quality. The poor-quality fish meal, FM26, was improved for Strep. zymogenes and perhaps for the rat by fine-grinding, whereas the DNFB lysine content was unaffected. chicks, but agreed closely with the chick results when a higher concentration of papain was used in the preparation of the samples. Until more comparative biological and microbiological testing of this kind has been completed on a wider variety of food proteins it will be premature to attempt to redefine an optimum procedure for preparing the samples for microbiological testing, except in terms of the conditions necessary to give the highest possible result. 2. With whale-meat meals and fish meals, especially those of poorer quality, grinding very finely increased the values. So also did the use for predigestion of concentrations of papain higher than those originally recommended (Ford, 1962) . For a variety of protein foods pepsin and papain, at 20 mg enzyme/roo mg sample nitrogen, gave broadly similar results. There was no practical advantage in the use of greater amounts of these enzymes, nor in the use of combinations of enzymes.
3.
Comparison with the results of Bunyan & Price (1960) showed that, for the whale-meat meals, the microbiological assay values for available methionine and tryptophan, and the chemical assay values for available lysine, were all correlated closely with the digestibilities of the meals and also with their biological values.
